Exciton Land e g-factors in wurtzite GaN epitaxial films with (0001) C-plane and (1120) A-plane orientations have been measured in magnetic fields B up to 1.8 T, using polar magneto-optical Kerr effect (MOKE) spectroscopy. A procedure is developed for extracting the Zeeman splitting and thereby the g-factor, from Kerr ellipticity and rotation spectra of A-plane films, which have in-plane polarization anisotropy. In the C-plane film the measured g-factors for the A, B, and C exciton transitions were g A ¼ 0:0960:02; g B ¼ 0:7460:05, and g C ¼ 3:960:2, respectively, with Bkc-axis and comparable to earlier reports. The MOKE spectra of the A-plane film have one dominant exciton feature each for analyzer axis ? and k to the c-axis of GaN, and they arise at different energies. The measured g-factors for these were much larger, with values g ?c ¼ 4:761 and g jjc ¼ 7:161:2 with B?c-axis. Comparison with a k Á p perturbation theory based calculation, which included the influence of strain, indicates that the features in the A-plane film are associated with exciton transitions involving bands that are strongly mixed by the anisotropic in-plane strain. Wurtzite group III-nitrides and their alloys today find wide application in opto-electronics and also in high power, high temperature, and high speed electronics. In addition they are expected to be important for the emerging field of spintronics where device functionality is achieved by controlling the spin degree of freedom of electrons and holes. For spintronics a large spin polarization of carriers at the Fermi level is desirable at room temperature. GaN was predicted to have a high Curie temperature when doped with Mn (Ref. 1) and is therefore a promising candidate. Another property useful for such applications is the Land e g-factor which determines the energy separation or Zeeman splitting dE 0 ð¼ gl B jBj; l B Bohr magneton) between spin split bands in a magnetic field B. A large g-factor is desirable since it implies reduced spin scattering and generation of spin polarized carriers with high fidelity.
Wurtzite group III-nitrides and their alloys today find wide application in opto-electronics and also in high power, high temperature, and high speed electronics. In addition they are expected to be important for the emerging field of spintronics where device functionality is achieved by controlling the spin degree of freedom of electrons and holes. For spintronics a large spin polarization of carriers at the Fermi level is desirable at room temperature. GaN was predicted to have a high Curie temperature when doped with Mn (Ref. 1 ) and is therefore a promising candidate. Another property useful for such applications is the Land e g-factor which determines the energy separation or Zeeman splitting dE 0 ð¼ gl B jBj; l B Bohr magneton) between spin split bands in a magnetic field B. A large g-factor is desirable since it implies reduced spin scattering and generation of spin polarized carriers with high fidelity. 2 The g-factor has previously been measured under high magnetic fields [3] [4] [5] in (0001) oriented C-plane GaN films (unit cell in Fig. 1 ) which are easy to grow with high crystalline quality and are used in nearly all current device applications. However C-plane oriented heterostructures can have large piezo-/pyro-electric fields which are detrimental for light emitting applications. Consequently current research is focused on films of nonpolar orientation such as (11 20) A-plane and (1 100) M-plane films, where such fields are absent. 6 A characteristic feature of non-polar films is that they can experience large anisotropic in-plane strains. It originates from the difference in the lattice constant and thermal expansion coefficient mismatch between film and the substrate along directions k and ? to the c-axis which lies in the film plane. As such the subject of strain has become important for spintronics since it was shown that spin splitting due to strain aids direct electrical control of electron spins in semiconductors. 7 Anisotropic strains can also strongly mix bands 8 which, in turn, affect the g-factor values. For instance there are predictions of giant g-factors in GaAs/AlGaAs quantum wells arising from mixing of confined hole levels. 9 The g-factor can also vary with applied magnetic field, and it is therefore important to measure its value at low fields suitable for device applications. Here we present results of a polar magneto-optical Kerr effect (MOKE) spectroscopy study to determine the low field exciton g-factors in A-plane GaN films. We will discuss the analysis required to extract the g-factors in A-plane films whose properties are different for light polarization kc and ?c. For comparison we also performed measurements on a C-plane GaN film.
The GaN epitaxial films used in this study were grown using metal-organic vapor-phase epitaxy in a close-coupled showerhead reactor. The 2 lm thick C-plane GaN film was grown on C-plane sapphire substrate at 1040 C and 200 Torr reactor pressure using a standard 2-temperature growth process on the top of a GaN nucleation layer. For the A-plane film an AlN nucleation layer was first grown on a R-plane sapphire substrate followed by a 10 period AlGaN/GaN superlattice on the top of which the 3 lm thick A-plane GaN film was grown at 1060 C and 50 Torr reactor pressure. The films were characterized using high resolution X-ray diffraction (HRXRD) which indicated larger defect density in the A-plane film, which is typical. 10 The measured in-plane strain was xx ¼ yy ¼ À0:0960:1% in the C-plane film and yy ¼ À0:660:1%; zz ¼ À0:160:1% in the A-plane film, indicating large anisotropic in-plane compressive strain in the latter.
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A photoelastic modulator (PEM) based polarization modulation technique was used for MOKE spectroscopy. Light from a 75W Xe lamp dispersed by a 0.5 m focal length monochromator was used as the probe beam and detected using a photomultiplier tube. The setup used a conventional H-frame electromagnet plus a special copper sample holder arrangement with a polished Si mirror. This arrangement 12 polar MOKE measurements, with magnetic fields up to 1.8 T applied along the surface normal of the sample, without the need for a hole in one of the magnet pole pieces. The sample holder was mounted on a closed-cycle He refrigerator, and the samples were cooled to 15 K. The probe light was first polarized at À45 to the horizontal plane of incidence using a Glan-Taylor polarizer and then made to pass through the PEM whose axis was parallel (0 ) to the horizontal. After reflection from the sample (angle of incidence $5 ) the light passed through a Glan-Taylor analyser whose axis was either parallel or perpendicular (90 ) to the horizontal. We extract the Kerr rotation (/ k ) and ellipticity (g k ) parameters as follows. The Jones matrix for reflection at near normal incidence from an A-plane sample with its in-plane anisotropy axis either k or ? to the plane of incidence can be expressed as r pp r ps r sp r ss ¼ r ss qe
where r ij (i, j ¼ s, p) represent the complex Fresnel reflection coefficients 13 for s-/p-polarized light and qe ib ¼ r pp =r ss : The quantities / k1 þ ig k1 ¼ Àr ps =r ss and / k2 þ ig k2 ¼ r sp =r pp are the two set of Kerr parameters. When the analyzer axis is at 0 , an analysis similar to Ref. 12 gives
Here I DC ; I f and I 2f represent the measured DC and AC signals arising at f and 2f frequencies, respectively, with f ¼ 42 kHz being the PEM excitation frequency. J n represents the nth order Bessel function and d 0 ¼ 2:405 the peak retardation of the PEM. D and tan W are the ellipsometry parameters of the Si mirror and were measured separately.
14 When the analyzer axis is at 90
, one gets
The two parts in Eq. (2)[ (3)] need to be solved simultaneously to obtain / k1 ; g k1 ½/ k2 ; g k2 : The above equations simplify further since for a Si mirror D $ 180 : 14 Also, for the isotropic C-plane sample / k1 ¼ / k2 ; g k1 ¼ g k2 and at normal incidence qe ib ¼ 1: For the anisotropic A-plane sample we kept the c-axis ? to the plane of incidence. In this case q ¼ jr pp =r ss j can be estimated from s-and p-polarized reflectance measurements; thereafter, b can be obtained from them using Kramers-Kronig transformations if q is known over a sufficient wavelength range. 15 However, since the ordinary and the extra-ordinary refractive indices of GaN differ by less than 3% (Ref. 16 ) and the relative contribution of the excitons to the overall reflectance of our A-plane sample was small, we get qe ib ' 1 even for the A-plane sample. From the upper limit of the noise level in the measurements, we determine the Kerr rotation and ellipticity measurement precision to be better than 0.005 at 350 nm. Figure 1 shows the Kerr rotation and ellipticity spectra of the C-plane GaN sample for B ¼ 0.2 T to 1.8 T with Bkc-axis. We verified the authenticity of our experimental data using a Kramers-Kronig transformation based analysis 17 which enables one to get the Kerr rotation spectrum from the Kerr ellipticity spectrum and vice versa. 11 The spectral features at energies below 3.48 eV are an artefact due to thin film interference effects. Other prominent features are seen at 3.488 eV, 3.496 eV, and 3.524 eV which correspond to the A, B, and C exciton ground state transition energies in GaN. A quick way to extract dE 0 from MOKE spectroscopy data would be to use the measured reflectance (R) spectrum and the relation 4g k ¼ ÀdE 0 dðlnRÞ=dE to fit the g k spectrum. 18 The best fit gives the value of dE 0 . However this method does not work well where spectral features overlap and their dE 0 values are different as it is in our case. 11 We have instead adopted a first principles simulation approach as follows.
At near normal incidence, the reflectance of right and left circularly polarized (RCP and LCP) light can be described in terms of complex reflection coefficientsr 6 ¼ r 6 e ih 6 withr þ ¼r À : Under a field B, Zeeman spin splitting of the energy levels leads to a difference dE 0 between the energies of transitions involving RCP and LCP light which follow the appropriate angular momentum conserving selection rules. The consequent difference betweenr þ andr À are related to the Kerr parameters / k and g k by
We first match a simulated R spectrum (at B ¼ 0 T) with the measured one. In the simulation, the exciton's contribution to the dielectric function (eðEÞ) was through a Lorentz oscillator like model
Here n b þ ik b represents the background complex refractive index of GaN in the absence of excitons. E 0 , c, A, and v are the exciton transition energy, broadening parameter, amplitude, and phase factor, respectively. Using these parameters obtained from fitting R we calculater 6 by imposing a difference E 0 6 dE 0 =2 in the transition energies for finite B. / k and g k spectra are then simulated using Eq. (4), and the value of dE 0 is determined by matching the simulation with the measured spectra. An example of such lineshape fitting of the R, / k , and g k spectra of the C-plane GaN film for Fig. 2 (a) at 3.504 eV and 3.509 eV (marked by gray arrows) are at energies corresponding to the first excited state transitions of A and B excitons. These were neglected in the simulations for being too weak. We have also neglected the B-dependent diamagnetic shift of the exciton transition energy since it is very small (e.g., $2 leV/T 2 for the A-exciton) 20 as compared to the linewidth, for B up to 1.8 T.
The top inset in Fig. 1 shows the Zeeman splitting of the three exciton transitions as a function of B. We could measure a splitting as small as $1 leV for the A exciton with B ¼ 0. Figures 3(a)-3(f) 
c-axis. The left and the right column of plots are data taken with the analyzer ? and k to c-axis, respectively. We observe only one dominant exciton transition like feature at 3.49 eV and 3.52 eV for analyzer ? and k to c-axis, respectively. The features have larger linewidths which one expects on the basis of HRXRD results. The authenticity of the transitions and their energies were independently verified through polarized photo-reflectance (PR) measurements.
Since interference related features in these spectra are close to the exciton feature, to simulate R here we adopted the transfer matrix method used for multilayered structures. 13 The
It is known that the effective g-factor can be enhanced for instance due to exchange interactions in lower dimensions such as in 1D wires 21 and 2D wells 22 and also due to band mixing arising from quantum confinement and strain. 9, 23 Also, in wurtzite semiconductors the g-factor for excitons can have different values for Bkc-axis and B?caxis, in general. A detailed description of such selection rules for the A-exciton and its fine structures can be found in Ref. 24 . In the present context we note that if there is strain induced valance band mixing, then the ground state transition can no longer be described in terms of a pure unstrained A-exciton transition, and the g-factor values would be modified. Also, since the strain varies depending on the growth parameters, 25 it could be a possible reason for the difference in the measured g-factor values of the C-plane samples. In our A-plane film the overall strain is much larger and is also strongly anisotropic in the film plane.
To check for the influence of strain on the electronic band structure we have performed a k Á p perturbation theory based calculation 8 by using the Bir-Pikus Hamiltonian.
The anisotropic in-plane strain in the A-plane film mixes the valance bands, and consequently the three lowest energy transitions at the Brillouin zone center of GaN can no longer be described in terms of the A, B, and C excitons. Instead a nomenclature often adopted is T 1 , T 2 , and T 3 exciton transition where T 1 (T 3 ) has the lowest(highest) energy for any given strain. Figure 4 shows the variation of the calculated relative oscillator strength components f x , f y , and f z of these three transitions as a function of in-plane strain components yy and zz : For the measured strain in our sample ( yy ¼ À0:6%; zz ¼ À0:1%) we find that T 1 (T 2 ) is predominantly y(z) polarized, as indicated by the circular symbols on the plots. T 3 being predominantly x polarized is unlikely to be seen with a normally incident probe beam on the A-plane film. The calculated transition energies for T 1 and T 2 were 3.49 eV and 3.53 eV, respectively. Polarized PR measurements also indicated the presence of one dominant transition each for probe beam polarized ? and k to c-axis, with energies 3.493 6 0.005 eV and 3.537 6 0.005 eV, respectively. These energies match fairly with those of the two features observed in the MOKE spectra of the A-plane film for analyser axis ? and k to the c-axis, respectively. Thus the features in the MOKE spectra of the A-plane film, which have large g-factors, are associated with excitonic transitions involving states which are strongly influenced by anisotropic in-plane strain.
In conclusion, we have described a MOKE spectroscopy study for measuring exciton g-factors in C-plane and A-plane GaN films under low B fields. In the A-plane film, where there is evidence for strong band mixing, the g-factors were considerably larger, a property desirable for practical applications. The results suggest the need for a theoretical model which can explain the origin of the large g-factor values in strained non-polar GaN films.
Supplementary Material
Large exciton g-factors in anisotropically strained A-plane GaN film measured using magneto-optical Kerr effect spectroscopy 1) X-Ray diffraction characterization: Figure 1 shows the reciprocal space map (RSM) of the A-plane GaN sample for the symmetric (1120) reflection.
The measurement was performed using a PANalytical high resolution x-ray diffractometer (HRXRD). Apart from the signature of the A-plane GaN film and the sapphire substrate, the RSM also shows features corresponding to the AlN nucleation layer and the AlGaN/GaN superlattice on which the 3 µm thick A-plane GaN film was grown. The feature corresponding to the GaN film shows a large broadening due to high density of stacking faults which is a general characteristic of samples grown with non-polar orientation. To find the strain anisotropy in the plane of the GaN film, we performed 2Theta scans in a triple axis geometry and measured the distorted lattice parameters. The procedure followed has been described earlier. 2) Kramers-Kronig analysis of MOKE spectra: To verify the authenticity of our experimental data, the following analysis was performed. The Kerr rotation and Kerr ellipticity parameters form the real and imaginary parts of a complex response function ξ = φ k + i arctanh η k and obey the Kramers-Kronig dispersion relations [2] 
Thus Kerr rotation φ k (ellipticity η k ) spectrum can be obtained if Kerr ellipticity (rotation) spectrum is known over a sufficient range of energyhω. Using Eqs. 1 we calculated the Kerr rotation (ellipticity) spectrum from the measured Kerr ellipticity (rotation) spectrum and compared it with the measured Kerr rotation (ellipticity) spectrum. Figure 2 shows an example of such a comparison performed for the C -plane GaN film for B =1.8 T. We note that the calculated MOKE spectra are nearly identical to the ones obtained experimentally, thereby authenticating our experimental data.
3) Lineshape fitting of Kerr ellipticity spectra using derivative of lnR: An easy way to estimate the Zeeman splitting (δE 0 ) for excitonic transitions is by fitting the Kerr ellipticity (η k ) spectrum with a lineshape function that is related to the reflectance (R) through the relation [3] 
This procedure however does not work well when there are overlapping exciton spectral features as in our case. We demonstrate this with an example. Figure 3(a) shows the R spectrum of the C -plane sample at low temperature where features associated with the ground state A and B exction transition overlap, while that for C exction is an isolated one. Figure 3 (b) to (d) show the measured η k spectrum (dotted lines) at 1.8 T along with three lineshape fits (solid lines). For fitting each only a part of the R spectrum was considered. The value of δE 0 that best fits the A exciton feature in Fig. 3(b) does not fit the other two features. Similar is the case when fitting B and C exciton features in Fig. 3(c) and (d), respectively. The region of primary interest in the three fitted spectra is shown using bold lines. The separate best fits for A, B and C exciton transition features yielded δE 0 values of 10 µeV, 110 µeV and 410 µeV, respectively. The δE 0 values obtained for A and B excitons this way differ significantly from those obtained using first principles spectral lineshape simulation analysis described in the main text (8.8 µeV and 78 µeV respectively). However δE 0 for the C exciton obtained using the two methods agree well. This is because the overlapping features of A and B exciton in the R spectrum makes it impossible to properly fit the ellipticity spectrum using just a truncated part of the R spectrum. Therefore the analysis based on first principles lineshape simulation was adopted where all three features are fitted simultaneously. This takes care of the overlap between spectral features and gives the correct Zeeman splitting values.
4) Calculation of electronic band structure of
A-plane GaN films with anisotropic in-plane strain: To theoretically investigate the electronic band structure of the A-plane GaN film we adopted a k·p perturbation theory based approach which included the influence of strain, through the Bir-Pikus Hamiltonian. Details of the calculation procedure can be found in Ref. 4 The material parameter values of GaN used in the calculation were: lattice constant c = 5.1851Å, a = 3.1893Å, unstrained energy gap = 3.505 eV (low temperature), exciton binding energy = 26 meV, crystal field splitting ∆ 1 = 9.2 meV, spin-orbit splitting 3∆ 2 = 18.9 meV, elastic constant C 11 = 390 GPa, C 12 = 145 GPa, C 13 = 106 GPa, conduction band deformation potential α = -44. Fig. 4 . T 1 (T 3 ) has the lowest(highest) energy for any given strain. The circles mark the strain coordinate ( yy = −0.6, zz = −0.1), which represents the strain in our A-plane film. For this strain the estimated transition energies are E T 1 = 3.49 eV, E T 2 = 3.535 eV and E T 3 = 3.56 eV with an uncertainty of ∼ 0.01 eV.
5) Polarized photo-reflectance spectroscopy on
A-plane GaN: Photo-reflectance (PR) measurements were performed on the A-plane GaN film to verify the observed features in the MOKE spectra. The pump beam was a He-Cd laser (325 nm). The probe beam was polarized and ⊥ to the c-axis using Glan-Taylor polarizers.
K
Energy (eV) Figure 5 shows the measured PR spectrum for the two polarizations. Also shown are lineshape fits to each using Aspnes' lineshape function with a modified set of parameters [5] for a single excitonic transition. The estimated transition energies were 3.493 ± 0.005 eV and 3.537±0.005 eV for polarizations ⊥c and c, respectively.
